been mentioned less often, in regard to cliff and barrier coasts alike.
The Polish Baltic open sea coast is 498 km long. Pleistocene and Holocene deposits occur along the entire Polish coastal zone, both inland and offshore. Only locally, on the western coast of the Gulf of Gdańsk, do Miocene deposits crop out in cliffs. Barrier-type coasts, with a length of 380 km, predominate. Cliff length measures c. 101 km, while low coasts, similar to wetlands, comprise c. 17 km (Uścinowicz et al., 2004) . Two basic barrier types that differ in morphology and processes governing their evolution occur on the Polish coast. The first type includes stationary (accreted) barriers with well-developed high dune systems, while the second comprises narrow and low landward-migrating barriers (Uścinowicz, 2003) . Three basic cliff types are distinguished on the basis of their geological structure and related types of mass movements: cliffs dominated by tills and eboulements, cliffs dominated by sands and landslips and cliffs with complex structures and dominated by landslides (Subotowicz, 1982 (Subotowicz, , 1995a Uścinowicz et al., 2004; Ilcewicz-Stefaniuk et al., 2005; Carpenter et al., 2013) .
All types of coast are affected by changing sea level and storms. A widely held view is that storm frequency and rate of sea level rise have increased during the last decades (e.g., Dziadziuszko & Wró-blewski, 1990; Dziadziuszko & Malicki, 1993; Suursaar et al., 2006; Wiśniewski & Wolski, 2009; Navrotskaya & Chubarenko, 2012; Weisse et al., 2014) . However, there also are data on a decrease of storm frequency during the years (Formela & Marsz, 2011) . HELCOM reports (2007, 2013) indicate that the occurrence of storms in the Baltic Sea is overprinted by large-scale multidecadal variations rather than long-term trends. In general, sea level along the southern coast of the Baltic Sea has been rising. Differences in the rate of sea level rise are due to fluctuations in land subsidence and meteorological factors, such as wind forcing and air pressure (Uścinowicz, 2006) . At a decadal time scale, Baltic Sea level variations are closely associated with the North Atlantic Oscillation (HELCOM 2007 (HELCOM , 2013 . Based on mareographic records from Gdańsk, sea level rose at a rate of 4.6 mm per annum in the period 1886-1906 and 5.7 mm per annum in the period , whereas in the first half of the twentieth century and near the turn of the twentieth and twenty-first centuries, the rate of sea level rise slowed down (Jurys & Uścinowicz, 2014) .
The western part of the cliff coast in the Jastrzę-bia Góra region ( Fig. 1 ) has been a training ground for studies of slope stability for many years (Kramarska et al., 2011; Subotowicz, 1982 Subotowicz, , 1989 Subotowicz, , 1991 Subotowicz, , 1995a Subotowicz, , b, 2000 . Historical data and results of longterm measurements indicate high cliff activity. Although the process of erosion and shoreline retreat is variable over time, it is especially intense during frequent strong storm surges (Subotowicz, 1989 (Subotowicz, , 1995a .
The beach and barrier part of the coast in the west is also exposed to substantial erosion; this has increased during the latter part of the twentieth century. Intense erosion of the barrier part may result Fig. 1 . Map of the study area in the risk of flooding of low-lying areas situated more landward (Zawadzka, 2005) .
Protective measures along the coast have been conducted since the nineteenth century. However, in the study area the first seawall at the foot of the cliff was built only in 1994. The most characteristic feature is the construction (massive cliff stabilization system, MCSS) which was put in place in 2000, so as to protect the most active part of the cliff. Its existence has an impact on this sensitive section of the Polish coast.
The aim of the present study was to collect, measure and process data in order to identify changes in the morphology of the coastal zone in the context of geological and hydrogeological conditions. A major goal was the recognition of accumulation and erosion patterns in relation to morphology and geological structure of both offshore and inshore.
Study area
The study area is located in the northernmost part of Poland, along the Kaszuby Coast, and extends along a 4-km stretch of coastline, covering areas 2 km offshore and 2 km inland. Morphologically, the area encompasses two different segments, i.e., the western part of the moraine-bearing upland of Kępa Swarzewska and the eastern part of the Karwia Lowland (Fig. 1) . The barrier is developed on the lowland and the cliff coast on the upland part of the area. Jastrzębia Góra, a popular holiday resort, is situated in the eastern part of the area.
The geological setting of this area closely matches this morphological division. The Karwia Lowland consists of fluvioglacial sands covered by Holocene lacustrine sediments and peat. The barrier coast of the Karwia Lowland is narrow and low, and consists of marine sands overlain by dunes (aeolian cover). Dunes are not higher than 5 m and, in general, the thickness of the marine sands does not exceed 3 m. Locally, peat is exposed on the beach after storms. The footslopes of the dunes are protected by a seawall. Sands of the migrating barrier enter the peaty depression of Czarna Woda (Wda). In the southern part, Czarna Woda runs northwards and represents the border between the moraine-bearing upland and lowland areas. The river changes its course in the vicinity of Jastrzębia Góra, running close to parallel to the shoreline, and after approximately 3.5 km, it flows into the sea. To the south and west of a peaty depression of Czarna Woda (Wda) lies a small elevation of Pleistocene deposits (Kępa Ostrowska). It consists of fine-grained fluvial and lacustrine sands, covered by aeolian sands.
The oldest deposits in the upland of Kępa Swarzewska are of Miocene age. The top of the Miocene strata lies at a depth between17 to c. 37 m below sea level (Kramarska, 1999; Skompski, 1997 Skompski, , 2001 ). These are mainly silts, in some places with lignite, and fine-to medium-grained sands. The Miocene sediments are overlain by Saalian and Weichselian tills. There are three levels of till interbedded by sandy deposits and clays, cropping out in the cliff on the northwestern part of the upland (Zaleszkiewicz et al., 2000; Masłowska et al., 2002) . The cliff, with a maximum height of 32 m a.s.l., extends over a distance of about 3 km. A large part of the cliff face is overgrown with plants, and/or covered with landslides ( Fig. 2) which precludes a detailed geological description. However, in the course of systematic, long-term studies, it has been possible to illustrated the outcrops which are periodically exposed by marine erosion. The grey till in the lowermost part of the section is dated as Saalian. In the central part of the cliff there is a consistent level of till with a maximum thickness of 20 m. Based on results of petrographic and TL studies this has been assigned to the Middle Stadial of Weichsel Glaciation. The uppermost, youngest level of till is 5-6 m thick. It is very sandy with small quantities of gravel. Marginal lake-like deposits occur locally. Silts and clays are exposed in the cliff of Jastrzębia Góra at heights ranging between 2 m below to 15 m above sea level.
Fig. 2. Geological sketch and digital terrain model of the landslide in frontal view
Locally, in the western part of the Kępa Swarzewska, tills are also covered by aeolian sands. The surface of the moraine plateau is locally cut by erosional valleys filled with alluvial sands and silts.
Part of the western cliff section is being protected by a massive cliff stabilisation system (MCSS). This heavy hydrotechnical construction is 235 m long and nearly 30 m in height. The construction consists of four levels/steps secured on the outer side by blocks of natural rock covered by a steel mesh (Werno, 2002; Frankowski et al., 2009) . A drainage system has been set up under this protective structure. The system extends downwards from the top of the cliff to its foot.
The sea floor in the study area gradually decreases towards the north to a depth of about 17 m. Isobaths of 2.5 m, 5 m and 10 m are more or less parallel to the shore. There are two, occasionally three bars close to the shore. They are rather low, between 0,5 and 2,5 m (Łęczyński, 2002; Zachowicz et al., 2007) . Generally, the sea floor consists of Miocene strata, and locally glacitectonically deformed Oligocene(?) clays as well as Pleistocene tills and sands. The top of the Neogene and Paleogene, according to seismo-acoustic profiling and cores, is located between 18 and 12 m b.s.l. (Fig. 3) . The sea floor has a thin (most often < 2 m), discontinuous layer of marine sands (Fig. 3) .
Hydrogeological conditions are complex, linked to a range of geological settings and proximity to base drainage. Kępa Swarzewska is the supply area for aquifers and also a place of groundwater outflow towards the drainage zones. Groundwater flow in the region of the plateau occurs in two directions: towards the north to the Baltic Sea (which affects cliff stability), and westwards to the valley of the River Czarna Woda (Wda).
Material and methods
The first phase of investigations has been developed around archive materials such as a historical topographic map (1908), as well as aerial photographs (1957, 2010) . The photographs, covering all coast sections studied, were transformed into orthophotomaps. The shorelines of the topographic map and orthophotomaps were digitised and uniformed into the same scale and coordinate system, after which changes were analysed. A critical review of these materials allowed to define the main trends of accumulation/erosion processes.
The second phase included repetitive terrestrial laser scanning (TLS). The most active part of the cliff and the MCSS were scanned four times and some stretches five times. Measurements were conducted using a Riegl VZ-400 laser scanner. The scanner is equipped with a control panel and an integrated memory (instead a USB flash drive may be attached), responsible for proper scan pattern determination and recording data, respectively. The set also includes a calibrated Nikon D700 camera used for automatic registration of high-resolution images acquisition. The absolute orientation of the device is provided by a Trimble R8GNSS receiver along with a Trimble TSC2 controller. Measurements using the Real Time Kinematic technique are based on the ASG-EUPOS reference station system.
Additionally, surface sediments of the inland part of the study area were mapped (down to a depth of three metres). Moreover, the percussion drilling system and rotary drilling rig using Geoprobe540MT up to 12 m below surface have been applied.
Single and multibeam echosounding, side-scansonar and seismo-acoustic profiling have been employed to characterise the offshore area. The dense grid of bathymetric and sonar profiles ensured a full coverage of the sea floor surface and permitted the construction of a bathymetric map and sonar mosaic with a resolution higher than 2 m. Seismo-acoustic profiling allowed the identification of geological structures down to a depth of 10-20 m below the sea floor. The geophysical data have been verified by surface sediment samples and cores of a minimum length of 2 m.
During the last phase, the recently obtained data have been analysed and compared with past data (e.g., geological structure, contemporary observations and coastal typology).
Results and discussion
The study area at Jastrzębia Góra is strictly limited to a length of 4 km along the coast. The results obtained from such a small area may not be suitable for comparisons on a regional scale and, ultimately, may be largely general in nature. Shoreline retreat on the section discussed is a part of a general trend noted in changes along the Polish coast (Rotnicki, 1995; Furmańczyk, 2005; Zawadzka, 1999 Zawadzka, , 2012 HELCOM, 2007) . Thus, retreat of the barrier part (one of the least-developed on the Polish coast), is predictable, but it is difficult to be precise due to the large scale of coastal protection works, i.e., the seawall construction and beach nourishment during recent years. Due to its specificity, recent changes in the beach and barrier part of the coast, are less clear than the cliff part. Protective works disrupt the natural rhythm of changes on the cliff-like coast, also on account of extensive raised seawalls in 1994 and MCSS in 2000, plus beach nourishment. It also precludes reliable references to earlier data on the rate of erosion.
Analysis of the maps and air photographs allows to recognise general trends of coastal changes on a time scale of decades, whereas TLS permits identification of small changes in space and time frame, irrespective of coastal protective works.
The current results indicate that maximum shoreline displacement towards the land in the barrier part of the area was in the order of c. 90-95 m in the period 1908-1957 and c. 85-90 m in the period 1957-2010. The shoreline moved at an average rate of 1.8-1.9 m per annum and 1.7-1.8 m/per annum, respectively. The maximum rate in shoreline position during 100 years attained c. 150 m, this being one of the largest changes along the Polish barrier-type coast (Zawadzka, 1999 (Zawadzka, , 2012 .
According to Zawadzka (2012) , average sea bed inclination between the shore and the 10 m isobath is 1:70, whereas underwater coastal slope in other, more stable sections of the Polish barrier coast ranges between 1:120 and 1:150. The relatively steep inclination of the sea bed, together with relatively solid (cohesive) deposits underlying the marine sand and the resultant sand deficit in the offshore area, underlie large coastal erosion. The limited amount of sand results in narrow beaches and low dunes and, in effect, rapid coastal retreat. The barrier within this area is slightly developed. Its height reaches approximately 5 m, while its width attains about 250 m. In this case, barrier development has been also closely linked to the mouth of the River Czarna Woda (Wda), in enforcing the outflow of the river to the west, which had a negative impact on dune growth in the central part of the barrier (Zawadzka, 2005) . Therefore, the belt of coastal dunes in this part is narrow, which explains why this section has so far been heavily abraded. Coastal erosion is in Fig. 4 . Coastal protection works -seawall construction and beach nourishment tense mainly on account of autumn-winter storm surges and is observed along the entire length of the Polish coast (Furmańczyk et al., 2011; Łabuz & Kowalewska-Kalkowska, 2011; Łabuz, 2014) ; however, at varying scales. Recently, the western beach and barrier coast has been protected by seawalls (Fig. 4) over almost their entire length. This protection will put a halt to dune destruction, but not to the erosion of beach and sea floor in the nearshore, shallow areas. Beach erosion could be stopped by artificial beach nourishment and reconstruction and enlargement of the offshore sand bar system. However, it is not expected to stop the process of erosion completely, unless beach nourishment will be repeated periodically.
Analyses of maps and aerial photographs indicate a different course of coastal erosion on cliff coastal sections. The shoreline was almost stable in the period 1908-1957. Changes were close to 0 and are in the range of error in analytical methods. Shoreline stability in front of the cliff in this period was most probably due to erosion of the colluviums and supply of a large amount of sedimentary material to the coastal zone. Based on historical data, increased storm activity occurred on the Baltic at the turn of the nineteenth and twentieth centuries and large landslide took place on the Jastrzębia Góra cliff at that time (Subotowicz, 1982 (Subotowicz, , 1995 . Based on analyses of aerial photographs the shoreline in the period 1957-2010 shifted by about 10-35 m. In this period, the shoreline moved with an average rate of 0.2-0.7 m per annum. However, according to other historical data, the shoreline in this section of the coast was more or less stable, perhaps even after 1957. The tower with a tourist lift was built at the footslope of the cliff in 1938-1939; it was stable and in use to 1971, when it was closed due to instability. The tower finally collapsed in January 1982. According to Subotowicz (1982) the rate of erosion of colluviums at the footslope of the cliff (not shoreline shifting) ranged between 0.35 and 0.47 m per annum.
The models of cliff development proposed by Subotowicz (1989 Subotowicz ( , 1995a are extremely interesting in the context of the multi-annual changes observed. Unfortunately, or perhaps luckily, the predicted change of 100 m/100 years does not fully correspond to the newest results. This can be ascribed to a number of assumptions made by Subotowicz: marine abrasion as a dominant factor, establishing a linear regression model of the cliff and the disastrous course of changes. Displacements of the cliff edge may reach up to several metres per tens of years, but they are local (i.e., not occurring along the entire length of the cliff) and are variable in time. There are some areas prone to increased erosion and these zones have been subject to close observation and protection. These changes are mainly linked to the geological conditions and occur continuously, interspersed with periods of intensification.
A much more accurate method for monitoring changes is terrestrial laser scanning (TLS). Implementation of this method has revealed that cliff retreat dynamics vary over different parts of the cliff. In the eastern part, where the cliff is protected by a low gabion-band and the cliff top is more aligned, changes are slighter, whereas in the western part (i.e., margin of the moraine-bearing plateau) major changes due to landslides occur (Fig. 5) . This process is complex and factors responsible for triggering a landslide might not initiate sliding until a cut-off value is reached, so that extensive slumping occurs rapidly.
The coast section protected by MCSS reveals its uneven subsidence. Its eastern and central parts remain stable, while spatial analyses of the western part show continuous displacement of MCSS and the gabion-band below. Between July 2010 and November 2012, this band advanced by as much as 2.5 metres and stages in construction work above by up to 2 metres towards the sea (Fig. 6A) . Based on different views of the section, a maximum descent of the first stage by 1,3 m, a second stage by up to 2 m, and a third stage by up to 1,9 m have been detected. Locally, the gabion-band shows a tendency for slight upward movement, not exceeding 0,1 m. This situation illustrates well that the reason behind slope instability is not only marine erosion, but also land-based slumping determined by geology and hydrogeology. Even though the MCSS shows some significant deformations, changes within the adjacent, unprotected area (except for gabion-band protection) are much greater. For example, a rapid landslide activity between April 2010 and March 2011 within the cliff, resulted in the withdrawal of the top margin of the cliff locally by up to 10 metres over an 8-month period from July 2010 to March 2011 (Kramarska et al., 2011) . So far, the maximum recorded cliff-top recession, between April 2010 and November 2012 (2.5 years), reached locally over 25 metres (Fig. 6B) . Analyses of TLS data show a progress in landslide development of the adjacent area located eastwards of the MCSS. Landslide expansion is evident, even in cases where the main scarp retreat has not been detected, yet the sedimentary cover of a landslide colluvium (reclaimed in 2007) shows substantial deformations.
Landslide (Fig. 7 ) location in the marginal parts of the plateau (glaciotectonic deformation zone) is one of the reasons for its significant activity. Another reason is undoubtedly the geological structure. Unfortunately, this is difficult to assess. While the upper part of the landslide (i.e., main scarp) consists of massive tills and sands of different grain size, whereas the lower part of the section is impossible to trace because of its colluvium. It is likely that the lower part of the section comprises rock of a marked changeability (Kamiński et al., 2012; Subotowicz, 1991 Subotowicz, , 2000 . Additionally, the situation is complicated by the irregular flow of groundwater, which contributes to the activation of mass movements. Inflow of groundwater beneath the sea floor affects the stability of the slope (cliff), when the outflow is just a short distance from the shore and takes place within non-cohesive rocks undergoing relaxation (which in turn affects the stability). Such a situation, due to the presence of cohesive Quaternary tills and Neogene clays, is of negligible importance in this case. Much more important is the groundwater flow which occurs locally in discontinuous layers, where the inflow takes place to the wall of the cliff. Monitoring of such waters is very difficult, but their presence is indicated by outflows in the cliff face. This leads to plastic deformation of the colluvium which, in combination with marine erosion, destabilises slopes. In summary, the cliff is being broken down by landslides and seasonal storm surges with wave undercutting responsible for erosion of the colluvium that protects the foot of the slope.
The problem of coastal erosion cannot be considered without taking into account the geological structure of the sea floor. Geophysical studies in the vicinity of Jastrzębia Góra have shown that the sea floor consists of consolidated Neogene clays and Pleistocene tills, with a thin cover of recent marine sands; these are missing in some places. Therefore, sediments which could serve for both protection against erosion and nourishment for the beach recovery are not available in the foreshore zone.
Conclusions
New investigations and evaluation of available data allow the following statements and conclusions to be put forward: 1. Dynamics and rates of cliff retreat vary over different parts of the cliff. 2. In the case of Jastrzębia Góra, erosion is caused not only by wave undercutting, but also landbased slumping determined by the geology and hydrogeology. 3. The greatest cliff retreat occurs within a vast landslide within the area located eastwards of the Massive Cliff Stabilisation System. The instability occurs in the area of glaciotectonic deformations as well as in places of outflow of groundwater and marine erosion. Thus, such cliffs of sophisticated natural conditions are highly vulnerable to landslide processes. 4. The part which is protected within the Massive Cliff Stabilisation System has been subject to deformation over a distance of 50 m; it subsided locally by 2 m and advanced seawards by 2.5 m over a period of 28 months. 5. Heavy erosion occurs also on the beach and barrier coast located to the west of Jastrzębia Góra. The shoreline shifted landwards approximately 130 m over 100 years and 80 m in the period of about 50 years.
The sea floor is composed of Neogene clays and
Pleistocene tills covered by only a thin layer of recent marine sands. Sediments which could serve for both protection against erosion and nourishment for beach recovery are not available in the foreshore zone. 7. Sea level rise is not the only factor to affect coastal erosion. Different types of coastline (barriers, cliffs) have different susceptibility; indeed, even within a single type (e.g., cliff at Jastrzębia Góra) the rate of erosion is different and changeable over time. This situation illustrates well that coastal erosion is caused not only by marine factors, but also by landward processes conditioned by geological setting and hydrogeology.
